To ensure that a regular milled surface texture provides good bonding without residual distress, a new specification of milling surface assessment has been established for quantitatively evaluating the milled surface quality. This research explores the possibility of using three-dimensional (3D) laser scanning technology to develop an algorithm to obtain a milled surface model that can measure evaluating indicators, milling depth and texture depth, and identify poorly milled areas. A case study was conducted by using a laser scanning vehicular system to collect 3D continuous pavement transverse profiles data in a 500 m long segment of Highway S107. The results show that the proposed method is very promising and can measure the milling depth and texture depth to effectively and quantitatively differentiate between good-(milling depth between 47 mm and 53 mm and texture depth exceeding 2 mm) and poor-quality work. Moreover, the poorly milled areas such as those with residual distress and unmilled areas that will lead to premature failure can also be identified using the proposed method. The proposed method can effectively support remilling work and ensure the quality of the overlay pavement.
Introduction
Currently, milling for rehabilitation of asphalt concrete pavement in conjunction with an overlay is the primary maintenance method, as stated in the "Technical Specification of Maintenance for Highway" in China [1] . This method is applicable to treatment of surface damage such as cracks, potholes, raveling, poor roughness, and insufficient skid resistance. The operation is to cut the poor pavement surface using a large automatic milling machine and replace it with a new asphalt mixture of the same thickness [2] . The milling drum has approximately 100-700 teeth, and various types of milling drums are selected according to the required milling depth and texture depth, and the milling depth and overlay thickness are determined by the characteristics and severity of the pavement damage [3] .
Many factors may cause the milling depth excessive and inadequate, including pavement distress like rutting and subsidence, speed fluctuations of milling machine, and rotation rate of the drum. When the milling depth exceeds the expected threshold, it will affect the overall stability and structural strength, resulting in various forms of distress such as cracking, potholes, and rutting rapidly appearing in the overlay pavement [4] . When the milling depth is insufficient, it is difficult to create a uniform texture in the milled surface, causing uneven distribution of the adhesive layer (sprayed emulsified asphalt) and poor bonding between the overlay and milled surface. Consequently, some forms of distress emerge over a certain time of service, including raveling, shoving, and rutting [5] [6] [7] [8] . The thinner the design overlay, the more significant are the impacts of the milling depth and control of texture on the overlay service life [9] . Therefore, accurate milling depth and texture control are the keys to achieving the required service life of the overlay surface and cost-effective maintenance methods.
Measurement of the milling depth and texture is performed by skilled personnel using a 3 m ruler with a 100 m unit for random point detection [10] . Such measurement is influenced by a long distance of milling, a wide area, and a small deviation index, which inevitably reduce the accuracy and efficiency of artificial sampling in the field. It is difficult to accurately identify substandard areas and their specific positions and provide a scientific assessment of the milling quality. Rapid, milling depth and texture assessment, which is comprehensive and accurate, is an important basis for judging the quality of the milling and ensuring the design life of the overlay surface.
For such assessments, researchers have introduced the use of emerging 3D laser technology. This technology can create road surface laser data across an entire lane, measuring with high data precision, high data density, and measuring speed, and has been applied to measure rutting and cracks, even pavement quality assessment of smoothness and macrotexture [11] [12] [13] [14] [15] . Hao et al. [16] used data interpolation and a surface fitting method to process a 10-point profile of 3D laser grooving data and calculated the depth to evaluate grooving abrasion status; the results were found to correlate well with the results of the sand patch method. Lee et al. [17] used 3D laser equipment to collect indoor grooving model data and adopted section grooving depth and groove spacing indicators to verify the feasibility of using a 3D laser for grooving measurement. Li et al. [18] and Kelvin et al.
(2012) separately obtained site grooving data from cement concrete pavement using 3D laser technology; according to the indicators of depth, width, and spacing to evaluate the grooving uniformity, the results showed that 3D laser technology can achieve comprehensive, accurate assessment of grooving texture. Focusing on milled pavement construction, Tsai et al. [15, 19] collected surface texture data of micromilling of an asphalt pavement based on Georgia Tech's sensing vehicle and proposed the ridgeto-valley-depth (RVD) to evaluate milling repeatability; using this approach, they determined the locations of problem areas. The aforementioned research verified the feasibility of using 3D laser technology for pavement texture assessment; however, no assessment of roughness and flatness of milled pavement was provided, these studies failed to identify the areas and locations of substandard milling, the results did not support cause analysis of substandard work, and the conclusions of the studies lacked guiding significance for construction.
To address the shortcomings of the existing research for determining the locations of substandard milled area, a vehicular 3D laser detection system developed by Chang'an University was used to collect field asphalt milled surface texture data, a 3D model of the milled surface was constructed, and a texture depth and milling depth was proposed to analyze and evaluate the milling quality. The research results can serve as a basis for construction monitoring and quality assessment of milling operations, providing guidance for optimization of repairs of a milled surface, and provide reference for setting construction operation parameters. This paper is organized as follows. This section briefly reviews the existing methods for evaluating milling data and identifies the need for an alternative means to costeffectively evaluate milling data. The second section briefly introduces the 3D continuous pavement profile data. A proposed method of evaluating milling texture is presented in the third section, followed by presentation of a case study conducted on a highway used to evaluate the performance method. The fourth section presents the results of the field tests. Finally, conclusions and recommendations for future research are discussed.
Acquisition of 3D Continuous Transverse Profile Data
This section briefly presents the principles of the 3D laser detection and the design of the laser scanning vehicular system that was used in this study. The 3D laser technology, which is based on the laser triangulation principle, was used to collect 3D continuous pavement transverse profile data. The laser line projector directs a continuous laser line onto the pavement, and the reflected laser line creates height information of the pavement surface. A high-speed camera captures the reflected laser line in subpixel images, as shown in Figure 1 . Next, a subpixel peak measure algorithm is used to determine the location of the reflected laser subpixel to serve in 3D reconstruction of the pavement surface. The laser scanning vehicular system developed by Chang'an University is contained in a sports utility vehicle (SUV) that is equipped with two laser scanning units, a vertical accelerometer and a high-resolution distance measurement instrument (DMI), as shown in Figure 2 . The laser scanning units are mounted beneath a metal brace on the back of the SUV to acquire 3D continuous transverse profile data. The vertical accelerometer is mounted under the vehicle to record the vertical displacement to synchronously correct the profile data output obtained by the laser scanning units. The DMI is mounted on the right rear wheel and controls the interval between two consecutive transverse profiles.
Two laser scanning units (Model Gocator-2380) are used to collect 3D continuous transverse pavement profiles. These units are approximately 1.8 m above the ground. Each unit collects 1.2 m wide transverse profiles with over 2000 3D laser points and cover a 2.4 m transverse field-of-view. When the vehicle speed is no greater than 40 km/h, the laser scanning unit controlled by the DMI can collect data at an interval of 2 mm in the travel direction and with a scan frequency of 4500 profiles per second. To ensure that these units can measure the milling texture, the two laser scanning units provide a 0.55 mm resolution in the transverse direction and at least a 0.5 mm resolution in the vertical direction after setting the device parameters.
The scanned pavement data from the 3D laser detection is saved as a point matrix; an example of the scanning results Journal of Sensors is shown in Table 1 . The first line of the matrix represents the 3D laser point locations in the transverse profile; the left and right endpoints are at −299.3 mm and 300.0 mm, respectively. The total length is approximately 600 mm, and the transverse resolution is approximately 0.5 mm. The first column of the matrix represents the 3D laser point locations in the longitudinal profile. The scanning interval is 2 mm in the travel direction, and the total length in the longitudinal profile is approximately 1000 mm, ranging from 0.4 mm to 999.4 mm. The remaining data represent the elevation coordinates of the corresponding x and y points.
Method for Evaluation of Milled Surface

Preprocessing of Transverse Profile Data.
Considering the systematic error of the laser scanning unit and the macrotexture of the asphalt pavement, the height curves of the original 3D laser transverse profile contain some noise and macrotexture characteristics. To highlight the milled texture of the asphalt pavement, a locally weighted scatterplot filtering algorithm was used to process the laser transverse profile curves with MATLAB software. The transverse profile curve filtering with least squares and polynomial fitting was used to replace the original data. Figure 3 shows an example of the transverse profile curve filtering results when the width of the filtering window is set to 0.5. The preliminary results of the curve filtering with 3D laser measurement demonstrate that the locally weighted scatterplot filtering algorithm can remove noise and unimportant texture characteristics; thus, this method is very promising for processing the transverse profile curve to improve the accuracy of the milled surface assessment.
Model of Milled Surface.
Based on the milling texture data smoothed using the locally weighted scatterplot filtering algorithm, the 3D milling surface model is constructed using interpolation processing in MATLAB software. An example Figure 4 ; both the transverse and longitudinal resolutions of the model are equal to 0.5 mm. Figure 4 shows the milled texture of the model surface and its symmetrical distribution. The substandard milling area in the center of model, which might be attributed to residual distress on milled surface (such as rutting and subsidence of subgrade or loss of aggregates via the fatigue of the asphalt bonder), is clearly captured by 3D laser detection. The preliminary results of the constructed milling model show that the locations and areas of poor milling can be identified using the laser milling data.
Calculation of Milling Indicators.
Based on the field milling texture and the 3D model of the milled texture, the large shape differences found between milling valleys are caused by a variety of complex reasons attributed to the asphalt pavement. These conditions promote the low reproducibility of the roughness obtained from artificial sampling. Thus, the result is unreliable for evaluation of the milling surface. Tsai et al. investigated the measuring of milled textures using 3D laser detection and assessed the possibility of using ridge-to-valley-depths in 100 mm transverse profiles to evaluate the texture uniformity [15] . However, their method cannot fully utilize high-density data, and the final indicators are easily influenced by systematic error of the laser scanning unit.
In this paper, the milling depth and texture depth of milling valley units are proposed to evaluate the depth and roughness of the milling operation, respectively. The milling depth is indicated by the depth of milling machine cut into the asphalt pavement in the milling valley units. The texture depth is indicated by the maximum depth of the texture in the milling valley unit. The milling depth and texture depth of the milling valley are calculated as follows:
(1) Partition a 2400 mm × 1000 mm scanning area into four blocks (blocks 1, 2, 3, and 4) along the transverse profile and construct a milling surface model for each part. Next, divide the milling surface model into several 600 mm × 50 mm rectangular sections (sections 1, 2, …, n) along the longitudinal direction and capture the midline curve of the laser transverse profile as the representative curve, as shown in Figure 5 , to describe the milling condition and texture conditions of each section.
(2) With the curve peak extraction algorithm in MATLAB software, determine the peak points (x i , y i ) and trough points (x j , y j ) of the milling valley during 1.5 times the milling cutter spacing range from the representative curve, as shown in Figure 5 . Next, partition the representative curve into several milling valley units (units 1, 2, …, m) with peak points of the milling valley.
(3) Figure 6 illustrates the milling depth and texture depth of milling valley unit data used to calculate the milling depth h i of milling valley number i using the formula
and the texture depth d i of milling valley number i Journal of Sensors and the theoretical texture depth of the corresponding milling cutter. The substandard milling areas are those where the milling depth difference exceeds 5% (ceiling to millimeter) of the design milling depth or the texture depth is less than 2 mm. Considering the feasibility of remilling substandard areas, the areas of substandard milling also should be larger than 5000 mm 2 . Thus, the total area and nonacceptability of substandard milling in each 600 mm × 1000 mm block are calculated.
Case Study
4.1. Field Sites. Field tests were conducted on a section of Highway S107 with a low longitudinal slope and straight asphalt pavement near Xi'an. Figure 7(a) shows the HD2000 super milling machine (which has a milling cutter spacing of 40 mm) used for this operation. The milled pavement is shown in Figure 7(b) . The asphalt pavement's upper layer is AC-13; it was milled to a depth of 50 mm to repair rutting and cracking of the pavement surface. The field test is designed to evaluate the roughness and texture of the milling surface and the feasibility of operating the laser scanning vehicular system at common traveling speeds.
With a vehicle speed of 45 km/h, the system acquires more than 5 million 3D data points from 2400 widths and 1000 mm long milling areas with substandard milling to describe the roughness and texture of the pavement surface in detail, as shown in Figure 8 . Figure 8(a) shows the milling depth of the pavement, and an image of the measuring area is shown in Figure 8(b) . A substandard milling area is marked on the image (Figure 8(b) ); there, a loss of aggregate occurred, and the roughness is poor. Figure 9 shows a 3D milling model of a block and an example of scatter plots of three sections of milling depths and texture depths. Twenty 50 mm long longitudinal sections with 13 milling units in block 1 were considered. The dotted line in the plot represents the critical access line of substandard milling in this operation: 2 mm for the texture depth and −47 mm and −53 mm for the milling depths.
Test Results and Analysis.
The preliminary results of the texture depth and the milling depth of each block, as shown in Figure 9 , demonstrate that the proposed method can accurately identify the location of the substandard area of milling and can calculate the proportion of the substandard area within the entire milled area. In section number 3, the milling depths of units 6, 7, and 13 exceed −47 mm, and the Journal of Sensors texture depths in units 6 and 7 are less than 2 mm. In section number 10, all the milling depths, except those in units 10 and 11, are less than −53 mm. In section number 18, the texture depths in units 1 to 6 are less than 2 mm. This situation may have been caused by the poor toughness of the original pavement; as a result, the milling quality is poor, leading to the loss of aggregate and uneven milling surface. After integration of the substandard milling units, the substandard milling, as shown in Table 2 , consists of 6 substandard areas in sections 1, 3, 7-10, 13, 14, 18, and 20; the total area is 112,550 mm 2 and accounts for 18.7% of the block 1,which area is 600,000 mm 2 . The largest substandard milled area is 65,450 mm 2 ; this area must be remilled by a milling machine to ensure the roughness of the surface. Figure 10 shows 3 milling blocks in different locations of the milling operation, revealing that the distribution of substandard milling is different in each block. The substandard milling area in block 2 is in the central region from 250 mm to 450 mm of the transverse profile; the milling depth is less than the design range. This defect may have occurred because the rutting still exists on the milled surface, and the toughness is poor in the areas. The substandard milling areas in block 3 are in the region from 200 mm to 500 mm of the longitudinal profile; the milling depth is greater than the design range. This defect may be caused by the driving speed of milling machine being higher than usual, resulting in incomplete milling by the cutters. The substandard milling in block 3 is distributed across most of the blocks except in the region from 500 mm to 700 mm of the longitudinal profile; the milling and texture depths are less than the design ranges. This defect may have occurred because of subgrade subsidence, and the design milling depth was not adequate to repair this distress. Table 3 lists the results of the milling quality assessment of 4 blocks. The results demonstrate that the number, area, and percentage of substandard milling areas can be determined using the proposed method via 3D laser scanning technology; the data can be used for remilling. Substandard milling caused by subsidence distress, such as block 4's substandard milling area, is as great as 5,898,600 mm 2 , accounting for 98.3% of the total areas. However, the substandard milling caused by rutting distress, such as block 1's substandard milling area, measures 215,050 mm 2 , accounting for 35.8% of the total area, and is located mainly on the wheel paths. The driving speed of the milling machine is also a potential factor affecting the milling results.
Conclusions
To address the shortcomings of the existing research for determining the locations of substandard milled area, a vehicular 3D laser detection system developed by Chang'an University was used to collect field asphalt milled surface texture data, a 3D model of the milled surface was constructed, and a texture depth and milling depth was proposed to analyze and evaluate the milling quality. The research results show that (1) using the proposed laser scanning vehicular system, asphalt pavement milling surface information can be captured with high precision via high-density laser point data. The system can also be used to form a 3D milling surface model with transverse and longitudinal profiles at intervals of 0.5 mm to enable milling texture assessment and calculating the area of substandard milling;
(2) an improved method is proposed to evaluate the milled surface using 3D continuous transverse profiles. Using the milling surface texture model, the milling depth and texture depth of milling valley units can be calculated; these quantities are used to evaluate the roughness and texture of the milling surface. The preliminary results of the case study demonstrate the feasibility of the proposed method.
The results show that the milling depth and texture 7 Journal of Sensors depth of milling valley units can be calculated precisely, and that the locations of substandard milling area can be delineated accurately, thereby improving the reliability of the milling surface assessment; (3) the case study results demonstrate that the number, total amount, and percentage of substandard milling areas can be determined using the proposed method based on 3D laser scanning technology; such data can be used for remilling. Substandard milling caused by subsidence often influences a large area, whereas substandard milling caused by rutting distress is located mainly on wheel paths. The driving speed of the milling machine is also a potential factor affecting the milling results.
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